Synchronous optogenetic activation of striatal cholinergic interneurons ex vivo produces a disynaptic inhibition of spiny projection neurons composed of biophysically distinct GABA Afast and GABA Aslow components. This has been shown to be due, at least in part, to activation of nicotinic receptors on GABAergic NPY-neurogliaform interneurons that monosynaptically inhibit striatal spiny projection neurons. Recently, it has been proposed that a significant proportion of this inhibition is actually mediated by activation of presynaptic nicotinic receptors on nigrostriatal terminals that evoke GABA release from the terminals of the dopaminergic nigrostriatal pathway. To disambiguate these the two mechanisms, we crossed mice in which channelrhodopsin is endogenously expressed in cholinergic neurons with Htr3a-Cre mice, in which Cre is selectively targeted to several populations of striatal GABAergic interneurons, including the striatal NPY-neurogliaform interneuron. Htr3a-Cre mice were then virally transduced to express halorhodopsin to allow activation of channelrhodopsin and halorhodopsin, individually or simultaneously. Thus we were able to optogenetically disconnect the interneuron-spiny projection neuron (SPN) cell circuit on a trial-by-trial basis. As expected, optogenetic activation of cholinergic interneurons produced inhibitory currents in SPNs. During simultaneous inhibition of GABAergic interneurons with halorhodopsin, we observed a large, sometimes near complete reduction in both fast and slow components of the cholinergic-evoked inhibition, and a delay in IPSC latency. This demonstrates that the majority of cholinergic-evoked striatal GABAergic inhibition is derived from GABAergic interneurons. These results also reinforce the notion that a semiautonomous circuit of striatal GABAergic interneurons is responsible for transmitting behaviorally relevant cholinergic signals to spiny projection neurons.
Introduction
Cholinergic interneurons (CINs) represent one of the largest groups of striatal interneurons and the only non-GABAergic population. They exert a strong muscarinic control over striatal function and exhibit conditioned phasic responses to various behaviorally relevant stimuli (Goldberg and Reynolds, 2011; for review, see Goldberg et al., 2012) .
In addition, a diverse population of striatal GABAergic interneurons provides inhibition to spiny projection neurons (SPNs) through several known routes (Tepper and Koó s, 2016) . In perhaps the most well described case, fast-spiking interneurons (FSIs) receive glutamatergic input from cortex and intralaminar thalamus (Rudkin and Sadikot, 1999; Sidibé and Smith, 1999; Ramanathan et al., 2002) , and provide strong feedforward inhibition to SPNs (Kita et al., 1990; Bennett and Bolam, 1994; Kita, 1996 . Pharmacological inhibition of non-NMDA glutamate re-ceptors in these neurons produces obvious motor deficits (Gittis et al., 2011) .
However, more recently, many other types of striatal GABA ergic interneurons have been identified that are driven by different sources. Striatal TH-expressing interneurons, NPYexpressing neurogliaform interneurons (NGFs) and fast-adapting interneurons (FAIs) receive nicotinic excitation ex vivo, and provide potent GABA Aslow and/or GABA Afast inhibition to SPNs (Ibáñez-Sandoval et al., 2011 , 2015 English et al., 2012; Luo et al., 2013; Faust et al., 2015) . CINs are also responsible for their own feedback inhibition through an as yet unidentified source (Sullivan et al., 2008) . When synchronously activated, CINs produce a large and long-lasting IPSC in SPNs in brain slices that contain distinct GABA Aslow and GABA Afast components. This inhibition is also observed in vivo as a reduction of SPN firing following CIN activation (English et al., 2012) . Based on the synaptic connections and inhibition kinetics determined from the ex vivo optogenetic and paired recording experiments, it appears that this cholinergic inhibition is mediated through striatal interneurons. This observation suggests that striatal interneurons under cholinergic control may influence striatal information processing in a cortical-independent manner.
In addition to the nicotinic innervation of striatal interneurons, CINs also provide a source of nicotinic input to nigrostriatal and mesaoaccumbens dopamine terminals that evokes dopamine release in both dorsal and ventral striatum (Cachope et al., 2012; Threlfell et al., 2012) . With the recent demonstration that nigrostriatal terminals can co-release GABA and produce inhibition in SPNs with slow decay kinetics in ex vivo optogenetic experiments (Tritsch et al., 2012 (Tritsch et al., , 2014 , it has been reported that the majority of the nicotinic-induced inhibition of SPNs is caused by GABA release from these terminals rather than by local interneurons, and that following either nigrostriatal pathway lesion or depletion of dopaminergic vesicles, a significant proportion of nicotinic-induced inhibition is reduced in the optogenetic experiments (Nelson et al., 2014) . These data suggest that nigrostriatal terminals are the predominant source of this inhibition, and/or that the disynaptic pathway from CINs to SPNs via GABAergic interneurons is dopamine-sensitive. Therefore, we sought to determine the interneuronal contribution to the cholinergic-induced inhibition by using optogenetics to disconnect interneurons from this disynaptic circuit. If inhibition of ACh-activated striatal GABAergic interneurons failed to affect the CIN-induced SPN inhibition, then the novel, non-canonical mode of GABAergic inhibition of SPNs (Nelson et al., 2014) would be verified. On the other hand, if the CIN-induced inhibition of SPNs were due to activation of the NGF and/or other GABAergic interneurons, then the SPN inhibition ought to be reduced or blocked.
Materials and Methods
Subjects. All procedures used in this study were performed in agreement with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with the approval of the Rutgers University Institutional Animal Care and Use Committee. Double-transgenic Htr3a-Cre ϫ ChAT-ChR2 mice [Tg(Htr3a-Cre)NO152Gsat/Mmucd, UC Davis; Tg(Chat-COP4*H134R/EYFP,Slc18a3)6Gfng/J, Jackson Laboratories] were generated and maintained as hemizygotes (Zhao et al., 2011; Gerfen et al., 2013) . Mice were housed in groups of up to four per cage and maintained on a 12 h light cycle (07:00 A.M.-07:00 P.M.) with ad libitum access to food and water. A total of seven mice were used, including both males and females.
Intracerebral virus injection. Mice were anesthetized with isofluorane (1-3%) and placed in a stereotaxic frame. Following a subcutaneous injection of bupivacaine, the scalp was retracted. A craniotomy was drilled above the site of injection, and 0.6 l AAV5 Ef1a DIO HR3.0-eYFP (HR3.0) was injected into dorsal neostriatum at three sites described by the following coordinates (from bregma): ϩ0.74 mm AP, ϩ1.6 mm ML, Ϫ1.75/Ϫ2.25/Ϫ3.6 mm DV, for a total volume of 1.8 l.
Injections were performed using glass pipettes pulled and cut to an inner diameter of 40 -50 m and an outer diameter of 60 -70 m. Virus was injected at a rate of 9.2 nl/5 s with Nanoject II Auto-Nanoliter Injector (Drummond Scientific Company). Following viral injection, mice were treated with ketoprofen and buprenorphine for analgesia, and allowed to recover and express the viral transgene for 4 -6 weeks before experimentation.
Slice preparation and visualized in vitro whole-cell recording. Mice aged 3-7 months were anesthetized with ketamine (100 mg/kg) and transcardially perfused with an ice-cold/partially frozen N-methyl D-glucamine (NMDG)-based solution comprised of the following (in mM): 103 NMDG, 2.5 KCl, 1.2 NaH 2 PO 4 , 30 NaHCO 3 , 20 HEPES, 25 glucose, 101 HCl, 10 MgSO 4 , 2 thiourea, 3 sodium pyruvate, 12 N-acetyl cysteine, and 0.5 CaCl 2 (saturated with 95% O 2 /5% CO 2 , measured to be 300 -310 mOsm and 7.2-7.4 pH). The brain was removed, blocked and 350 m slices cut on a Vibratome 3000. Slices were then incubated in oxygenated NMDG-based solution at 35°C for 5 min, after which they were maintained in oxygenated normal external solution at 25°C until placed in the recording chamber constantly perfused with oxygenated external solution at 30°C. External solution was composed of the following (in mM): 124 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 10 glucose, and 3 sodium pyruvate. Whole-cell voltage-clamp recordings of SPNs were obtained at Ϫ70 mV using a CsCl-based internal solution containing the following (in mM): 125 CsCl, 2 MgCl 2 , 10 HEPES, 4 Na 2 ATP, 0.4 GTP plus 2 l/ml AlexaFluor 594 for SPN verification. Current-clamp recordings were obtained with normal internal solution containing the following (in mM): 130 K-methanesulfonate, 10 KCl, 2 MgCl 2 , 10 HEPES, 4 Na 2 ATP, 0.4 GTP plus 0.1-0.3% biocytin, pH 7.3-7.4. Pipettes typically exhibited a DC impedance of 3-4 M⍀ measured in the recording chamber.
In vitro optical stimulation. Optogenetic stimulation of channelrhodopsin-2 (ChR2)-expressing neurons in vitro consisted of 1-2 ms duration blue light pulses (465 nm, 1.25 mW/mm 2 illumination intensity) delivered from an LED coupled to a 200 m multimode optical fiber (PlexBright, Plexon) placed at ϳ30°above the slice aiming at the recorded neurons. Optogenetic stimulation of HR3.0 consisted of 1 s duration yellow light pulses by wide-field illumination using a high-power (750 mW) LED (590 nm, Ͼ5 mW/mm 2 illumination intensity). Optogenetic pulses were delivered at 30 s intervals. Because of the pronounced depression in this synaptic pathway (Nelson et al., 2014) , we omitted the first ChR-evoked trace from subsequent statistical analysis.
Results
Whole-cell recordings were obtained from SPNs in slices from the ChAT-Chr2 ϫ Htr3a-Cre double-transgenic mice described above. A schematic of the experimental protocol is shown in Figure 1A . Cholinergic neurons were stimulated with a 2 ms pulse from a blue LED causing postsynaptic GABAergic interneurons to fire, as shown for one representative neuron in Figure 1B. On alternate trials, a 1 s long wideangle yellow LED was simultaneously activated as shown in Figure 1B . The yellow light hyperpolarized the GABAergic interneuron and blocked the spiking in response to activation of ChR2, leaving only a subthreshold depolarization (yellow traces). This example verifies the efficacy of the optogenetic activation of cholinergic interneurons consistently evoking spiking in the GABAergic interneurons, and the complete blockade of the ChAT-ChR2-induced spiking by simultaneous activation of halorhodopsin in the interneuron.
Next we repeated the optical stimulation protocol while recording SPNs in voltage-clamp. Optogenetic activation (1-2 ms blue light pulse) of CINs evoked a large IPSC in SPNs. Simultaneous illumination with yellow light, activating halorhodopsin selectively in the Htr3a-Cre GABAergic interneurons produced a dramatic reduction in the amplitude of the EPSC (Fig. 2) , thus demonstrating that a significant proportion of the IPSC originates from local interneurons. In several SPNs there was a distinct delay in IPSC onset and peak following halorhodopsin activation (Fig. 3 ). This indicates a delay in the latency of the intervening interneurons to fire action potentials following activation of CINs. In one SPN we observed failures on a number of trials both with and without halorhodopsin activation (Fig. 3B, bottom) . This also strongly suggests that the sources for this inhibition are neurons rather than axon terminals.
Because the NPY-NGF interneuron generates only GABA Aslow inhibition (Ibáñez-Sandoval et al., 2011; English et al., 2012) , we assumed that the fast and slow components of the IPSC that were reduced in this preparation arose from distinct neuronal sources providing either GABA Afast or GABA Aslow inhibition. We sought to differentiate these two components as much as possible to determine whether their reduction by halorhodopsin was similar in amount and occurred independently. Although the peaks of the GABA A fast and slow components constitute a variable mixed response of GABA Afast and GABA Aslow currents, they represent their respective maximal contributions to the response and occur with a substantial delay between them (Figs. 2, 4A) . Therefore, we measured the current reduction at both of these time points to approximate the GABA Afast and GABA Aslow components. For example, if the IPSC contribution arising from NPY-NGF interneu- Figure 2 . Note that the main effect of HR3.0 in this neuron was the reduction of the fast component and the delay in its onset and peak, observable in the inset. B, Example SPN from Dbl-Tgn mouse, using same color scheme as in Figure 2 . Note the increased delay of IPSC onset (black arrow) and peak (white arrows) primarily on HR3.0 trials. Note also the failures experienced by this SPN on both trial types, indicative of unitary sources (individual neurons) failing to fire action potentials.
rons was completely abolished, we would expect this to reduce the slow-peak component much more than that of the fastpeak. The peak of the slow component was observed in a small number of cells (n ϭ 9) to occur distinct from the fast component on average 41.0 Ϯ 2.6 ms (mean Ϯ SEM) after the blue light pulse (Fig. 4A) .
The IPSC fast-peak amplitude and latency, and the average amplitude during an interval approximating the slow peak (35-45 ms), were used to determine the proportion of SPNs that experienced significant reductions in inhibition amplitude or latency (Fig. 4A) . Comparing control and HR3.0 trials, 66.7% (8/12) of SPNs exhibited a significant reduction of fast-peak amplitude, 25% (3/12) of SPNs exhibited a significant increase in the fastpeak latency, and 64.7% (11/17) of SPNs exhibited a significant reduction in the slow-peak amplitude ( p Ͻ 0.05, paired sample t test, or paired sample Wilcoxon signed rank test). As a group, SPNs from the double-transgenic animals exhibited a significant reduction in fast-peak amplitude [ Fig. 4B , left; n ϭ 12; control 281.8 Ϯ 310.4 pA, median Ϯ interquartile range (IQR), HR3.0 98.0 Ϯ 164.7 pA, median Ϯ IQR; p ϭ 4.88e-3 z ϭ Ϫ2.63, W ϭ 5; paired sample Wilcoxon signed rank test] a significant increase in fast-peak latency ( Fig. 4C, left ; n ϭ 12; control 15.0 Ϯ 4.4 ms, median Ϯ IQR; HR3.0 17.8 Ϯ 3.7 ms, median Ϯ IQR; p ϭ 5.37e-3, z ϭ Ϫ2.59, W ϭ 5.5; paired sample Wilcoxon signed rank test) and a significant reduction in slow-peak amplitude ( Fig. 4D, left ; n ϭ 17; control 184.5 Ϯ 177.1 pA, median Ϯ IQR; HR3.0 51.0 Ϯ 100.9, median Ϯ IQR; p ϭ 1.07e-3, z ϭ Ϫ3.03, W ϭ 12; paired sample Wilcoxon signed rank test).
To control for any potential artifact of the yellow light illumination itself, we performed the same recordings on a limited number of SPNs from ChAT-ChR2 single-transgenic animals (Fig. 2B) . In these recordings, no SPNs exhibited any reduction of the fast-or slow-peak amplitude, or an increase in fast-peak latency as a result of yellow light application [using the same criterion as for the double-transgenic (Dbl-Tgn) group of p Ͻ 0.05, paired sample t test or paired sample Wilcoxon signed rank test]. Compared with this group, the double-transgenic group evidenced a significant reduction in fast-peak amplitude ( Fig. 4B , right; Dbl-Tgn: n ϭ 12; 48.3 Ϯ 44.1% median Ϯ IQR; ChATChR2: n ϭ 8, 7.7 Ϯ 28.4%, median Ϯ IQR; p ϭ 6.2e-3, z ϭ 2.74, U ϭ 84; Mann-Whitney test), a significant increase in fastpeak latency (Fig. 4C, right ; Dbl-Tgn: n ϭ 12, 12.9 Ϯ 3.9%, mean Ϯ SEM; ChAT-ChR2: n ϭ 8, 1.7 Ϯ 2.7%, mean Ϯ SEM; p ϭ 4.6e-2, t ϭ 2.1384; two sample t test) and a significant reduction of slow-peak amplitude ( Fig. 4D, right ; Dbl-Tgn: n ϭ 17, 37.1 Ϯ 54.0%, median Ϯ IQR; ChAT-ChR2: n ϭ 11, 6.7 Ϯ 17.9%, median Ϯ IQR; p ϭ 3.54e-3, z ϭ 2.92, U ϭ 156; Mann-Whitney test).
We observed a wide range of IPSC amplitudes in SPNs in response to ChAT-ChR2 activation, and a wide range of IPSC reductions in the double-transgenic group. We aimed to test the concern that the variability in IPSC reduction was a function of initial IPSC amplitude. If nigrostriatal terminals were responsible for a consistent amount of inhibition to SPNs, we would expect IPSC amplitude and percentage reduction to be positively correlated, as larger IPSCs that rely more on interneurons and would be reduced more by HR3.0. Conversely, if interneurons were responsible for a consistent amount of inhibition to SPNs, we would expect IPSC amplitude and percentage reduction to be negatively correlated, as larger IPSCs that rely more on nigrostriatal terminals would be reduced less by HR3.0. Because the ChR2-induced IPSC exhibits a strong and long-lasting pairedpulse depression (Nelson et al., 2014) , we used the initial IPSC amplitudes from each SPN to describe the maximal response. There was no correlation between initial amplitude and percentage reduction (fast-peak slope ϭ Ϫ0.025, r 2 ϭ Ϫ0.035; slowpeak slope ϭ Ϫ0.029, r 2 ϭ Ϫ0.020; Pearson's product-moment correlation; Fig. 5 A, B) . Therefore, we assume that the variability of IPSC reduction is due to variable interneuron control by HR3.0. It is also possible that the lack of correlation reflects the scenario in which relative contributions of interneurons and nigrostriatal terminals vary independently of each other and IPSC amplitude, but even in this case, the strong average HR3.0-mediated IPSC reduction is proof that the interneuron source accounts for a large part of the inhibition, for both small and large IPSCs.
Although there was a large range in percentage reduction for both the fast-peak responses and the slow-peak responses, we were unsure what the relationship between them was. Both fastand slow-peak responses contain varying contributions from GABA A fast and slow sources, depending on the SPN. If there were SPNs in which one component was reduced much more than the other (Fig. 3A) , this would indicate that GABA A fast and slow inhibitory sources are being suppressed independently by HR3.0. Contrary to this notion, we found a significant correlation between fast-and slow-peak reduction ( Fig. 4C ; r 2 ϭ 0.86, slope ϭ 0.636, p Ͻ 0.01; Pearson's product-moment correlation). This suggests that although there are distinct sources of this inhibition, their decoupling from the cholinergic circuit may occur through a common mechanism.
Discussion
By hyperpolarizing populations of striatal interneurons with HR3.0, we were able to reduce both the fast and slow components of cholinergic-mediated GABAergic inhibition in SPNs in a fast and reversible manner, causally demonstrating an interneuronal source of this inhibition. However, the rate of reduction was highly variable among SPNs, with some exhibiting no reduction and others up to 79.6% reduction for the fast peak and 90.5% reduction for the slow peak. This high ceiling of the reduction indicates that interneurons are the primary source of this cholinergic-induced inhibition under these conditions. As there are fewer interneurons per SPN than nigrostriatal terminals per SPN, we expect a greater variability for the interneuronal contribution based on which interneurons are successfully decoupled from the circuit by HR3.0.
If the inhibition originates mostly from interneurons targeted in the Htr3a-Cre mouse, why did this paradigm sometimes fail? Incomplete or absent reduction of the IPSC can be ascribed to several technical failures. First, it is clear that not all interneurons Fig. 2A ) and percentage reduction for the fast peak. B, Correlation between the IPSC first acquired trace (largest gray traces; Fig. 2A ) and percentage reduction for the slow peak. Although there are negative trends in both A and B, no significant correlations were observed. C, Correlation between fast-peak and slow-peak percentage reduction for all SPNs exhibiting significant reductions in at least one of these two components. Note the strong linear correlation between these two responses.
responsible for generating ACh-linked IPSCs are targeted in the Htr3a-Cre mouse. For example, TH interneurons are not targeted in this Cre mouse, and provide powerful inhibition of SPNs as well as receive strong excitation via nicotinic receptors (Luo et al., 2013; Ibáñez-Sandoval et al., 2015) . Striatal NPY-PLTS interneurons are also not targeted in the Htr3a-Cre mouse (Faust et al., 2015) . Among the GABAergic interneurons that are targeted, the magnitude of the IPSC reduction is likely a function of both transfection efficiency, as well as the location of SPNs within the transfection field. Last, failure of HR3.0-induced hyperpolarization to completely prevent action potential initiation and subsequent GABA release would result in an incomplete reduction of the IPSC. If we assume that nigrostriatal terminals produce a consistent inhibition among SPNs, then the maximal reduction we were able to produce in our preparation represents the minimal contribution from GABAergic interneurons.
How can these results and interpretations be reconciled with the notion that release of GABA from nigrostriatal terminals also inhibits SPNs in the same manner? If there were a large, consistent nigrostriatal contribution, we would have expected a lower ceiling of IPSC reduction, rather than the 80 -90% we observed. Some divergence in results may derive from the different ChR2 expression levels in the ChAT-ChR2 mouse used in this study versus the viral expression under ChAT-Cre targeting (English et al., 2012; Nelson et al., 2014) . In our preparation, CINs consistently fired action potentials upon blue light stimulation. Yet if ChR2-mediated acetylcholine release is different between these two preparations, this may affect the amount of nigrostriatal GABA release and additionally explain the differences in IPSC amplitudes observed. Perhaps most important to our preparation, nigrostriatal dopamine neurons load GABA by a noncanonical mechanism and display a strong synaptic rundown of GABAergic inhibition (Tritsch et al., 2012 (Tritsch et al., , 2014 , that is well outside of the range of their autoreceptor-mediated depression of dopamine release (Phillips et al., 2002) . Taking these differences into account, it is likely that the recovery time of vesicular GABA may be much longer than that observed for dopamine or for other inhibitory synapses in the striatum (Planert et al., 2010) . In our hands, the use of CHR2.0-eYFP and blue light for locating the transfection field may have depleted the nigrostriatal vesicular pool of GABA for the duration of these experiments. Another potential explanation of these differences may be that nigrostriatal deletion or depletion alters the strength of the disynaptic interneuronal circuits in a rapid manner, similar to that observed in SPN-SPN connections (Taverna et al., 2008) .
The reductions in the GABA A fast-peak amplitude and latency came as a surprise to us, considering we did not believe that any striatal interneurons targeted in Ht3a-Cre transgenic fit the criteria necessary to be a major source of this inhibition. These criteria include a strong inhibition of SPNs and a DH␤E-sensitive suprathreshold input from CINs. The FAI, which is targeted in the Htr3a-Cre mouse, is excited by cholinergic activation, but as a population is not DH␤E-sensitive, and exhibits on average a low release probability, low-amplitude IPSC at the SPN cell body (Faust et al., 2015) . The other novel interneurons targeted in the Htr3a-Cre resembled TH interneurons, but similarly did not fit the criteria (Faust et al., 2015) . If none of these neurons are responsible for the fast component of the inhibition, why was it reduced?
Our results indicate that a source of the fast inhibition is not only being reduced by HR3.0 activation but that these sources' increased latency to fire action potentials in response to ChATChR2 activation is the result of an outward current in those interneurons not always strong enough to prevent action potentials but only to delay them. The two sources for this outward current could be either a polysynaptic disinhibitory circuit or electrical synapses between interneurons. This unknown synaptic source would also be the candidate for the reduction of the fast component of the IPSC.
This study verifies that striatal GABAergic interneurons are responsible for cholinergic-induced inhibition of SPNs under our ex vivo conditions. Although these interneuronal sources are incompletely described and relatively rare (Ibáñez-Sandoval et al., 2011) , they provide a majority of the inhibition to SPNs from CINs. If these results did not demonstrate this, it could be argued that this unique excitatory input to rare GABAergic interneurons is an oddity non-integral to normal striatal function. An extension of these results implies that striatal cholinergic circuits have complex machinery and operate in a semiautonomous manner from cortical control. We suggest that the characteristic brief firing rate changes of CINs that are associated with stimuli of innate and learned significance may be transmitted with high fidelity to projection neurons through nicotinic control of the activity of specialized classes of GABAergic interneurons.
